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SPECIFICATION 

[TITLE OF THE INVENTION] Optical low-pass filter 

[WHAT IS CLAIMED IS;] 

1. An optical low-pass filter used for a solid-state 
image pickup element having a substantially equal 
relationship between a horizontal pixel-to-pixel distance 
P x and a vertical pixel-to-pixel distance P y , the optical 
low-pass filter comprising: 

a first birefringent plate that separates an ordinary 
ray component and an extraordinary ray component from each 
other by distance d x substantially at an angle of 45 degrees 
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with respect to a horizontal scanning direction of the 
solid-state image pickup element, a second birefringent 
plate that separates the ordinary ray component and the 
extraordinary ray component from each other substantially 
in parallel with respect to the horizontal scanning direction 
by distance d 2 , and a third birefringent plate that separates 
the ordinary ray component and the extraordinary ray 
component from each other substantially at an angle of - 
45 degrees with respect to the horizontal scanning direction 
by distance d lf wherein the first, second , and third 
birefringent plates are arranged in layers so that the second 
birefringent plate is situated between the remaining 
birefringent plates, and a relationship among the separation 
distances d 2 and d 2 between the ordinary and extraordinary 
ray components and the horizontal pixel-to-pixel distance 
P x of the solid-state image pickup element is established 
as follows: 

d 2 > P x , however, d z = P x , and, 2 • (s/2 • d 2 ) / 3 < d 1 < 42 • d 2 . 
2. An optical low-pass filter used for a solid-state 
image pickup element having a substantially equal 
relationship between a horizontal pixel-to-pixel distance 
P x and a vertical pixel-to-pixel distance P y , the optical 
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low-pass filter characterized by comprising: 

a first birefringent plate that separates an ordinary 
ray component and an extraordinary ray component from each 
other by distance d 1 substantially at an angle of 45 degrees 
with respect to a horizontal scanning direction of the 
solid-state image pickup element, a second birefringent 
plate that separates the ordinary ray component and the 
extraordinary ray component from each other substantially 
in parallel with respect to the horizontal scanning 
direction by distance d 2 , and a third birefringent plate 
that separates the ordinary ray component and the 
extraordinary ray component from each other substantially 
at an angle of -45 degrees with respect to the horizontal 
scanning direction by distance d lf wherein the first, second, 
and third birefringent plates are arranged in layers so that 
the second birefringent plate is situated between the 
remaining birefringent plates, and a relationship among the 
separation distances d 1 and d 2 between the ordinary and 
extraordinary ray components and the horizontal pixel- 
to-pixel distance P K of the solid-state image pickup element 
is established as follows: 



d 2 > P x , however, d 2 = P x , and, d 1 = 2 • 




• d, 




3 



[DETAILED DESCRIPTION OF THE INVENTION] 
Field of the Invention 

The present invention relates to an optical low-pass 
filter that is disposed in an incidence optical path of a 
solid-state image pickup element, such as a CCD, performing 
two-dimensional sampling and that suppresses the influence 
of a carrier component. 
Prior Arts 

Fig. 5 shows an example of a pixel arrangement and an 
opening of a solid-state image pickup element, in which H 
denotes a horizontal scanning direction, and V denotes a 
vertical scanning direction. A green filter 1G and a blue 
filter IB are alternately disposed at a pixel-to-pixel 
distance of P x in the horizontal scanning direction on one 
of two adjoining horizontal lines, whereas a green filter 
2G and a red filter 2R are alternately disposed at the 
distance of P x on the other one. A pixel-to-pixel distance 
in a vertical scanning direction is denoted by P y . Subject 
light is sampled by such a grid-like opening pattern, and, 
as is apparent in a sampling theorem, a frequency component 
greater than a frequency that is half a sampling frequency 
cannot be fundamentally accurately reproduced by sampling, 
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and, if a frequency component exceeding this is guided onto 
the solid-state image pickup element, it will appear as an 
alias . 

In the aforementioned solid-state image pickup element, 
a plurality of deleterious carrier components occur in 
addition to baseband components (indicated by vectors of 2G, 
R, and B) that center on the position of (f x =0, f y =0) , as shown 
in a spatial frequency spectrum of Fig. 6. Abscissa axis 
f z and ordinate axis f y of Fig. 6 indicate a horizontal 
frequency and a vertical frequency that have been normalized 
by P x /2n and P y /2n, respectively. A carrier component 
generated centering on the position of (f x =l, f y =0) causes 
a moire when a fine striped pattern having black and white 
stripes extending in the vertical direction is formed, and 
a carrier component generated centering on the position of 

(f x =l/2, f y =0) causes a cross color phenomenon (false color 
signal) in which green and magenta are generated when 
slightly rough longitudinal stripes are formed. This alias 
is caused by obtaining a color signal with a single plate 
and is the largest in influence exerted upon image quality. 
A carrier component generated centering on the position of 

(f x =0, f y =l) causes a moire when fine horizontal stripes are 
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formed. 

Therefore, in order to remove these deleterious carrier 
components, there is a need to, among incident light, remove 
a horizontal frequency component of f x =l/2 or more, which 
is a normalized horizontal frequency, and a vertical 
frequency component of f y =l/2 or more, which is a normalized 
vertical frequency, in accordance with the sampling theorem- 
Further, in a color signal, a frequency of f x =l/2 in the 
horizontal direction serves as a sampling frequency, and 
therefore there is a need to remove a horizontal frequency 
component for a frequency band of the color signal, centering 
on the point of f x =l/2. Under such an ideal, optical 
frequency characteristics are shown in Fig. 7. In this 
figure, (A) shows a horizontal frequency characteristic, and 
(B) shows a vertical frequency characteristic. 

An example disclosed in Japanese Unexamined Patent 
Publication No. Sho-60-164719 can be mentioned as a 
conventional optical low-pass filter that aims to have these 
characteristics. This shows a basic technique of an optical 
low-pass filter that comprises a first birefringent plate 
that separates an ordinary ray component and an extraordinary 
ray component from each other in the vicinity of 45 degrees 
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with respect to the horizontal scanning direction of a 
solid-state image pickup element, a second birefringent 
plate that separates the ordinary ray component and the 
extraordinary ray component from each other in parallel with 
the horizontal scanning direction, and a third birefringent 
plate that separates the ordinary ray component and the 
extraordinary ray component from each other at about -45 
degrees with respect to the horizontal scanning direction 
and in which the first, second, and third birefringent plates 
are arranged in layers so that the second birefringent plate 
is situated between the remaining birefringent plates, and 
one incident beam of light is separated into seven or eight 
rays of light. What has been shown as an embodiment is only 
an example having a relationship among separation distances 
(referred to as d lf d 2 , and d3, respectively) between the 
ordinary ray component and the extraordinary ray component 
by the first, second, and third birefringent plates, the 
relationship being expressed as 

d 2 ~ p xr and, d x - d 3 - d 2 /*Jl 
According to the conventional optical low-pass filter formed 
in this way, the one incident beam of light is separated as 
shown in Fig. 8, and its frequency characteristics are as 
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shown in Fig. 9. In Fig. 9, (A) indicates a horizontal 
frequency characteristic, and a curve 93 obtained by a 
combination of a cos curve that has trap points at f x =l/2, 

3/2 shown by a curve 91 of the figure and a cos 2 curve that 

has trap points at f H =l, 3, shown by a curve 92 of the 

figure is a total passing characteristic in the horizontal 
direction. Further, in Fig. 9, (B) indicates a frequency 
characteristic in the vertical direction, and a cos 2 curve 
(curve 94 of this figure) that has trap points at odd-number 
times as large a frequency as f y =P y /P x is a passing 
characteristic in the vertical direction. 
Problems to be Solved by the Invention 

Among the passing characteristics of the conventional 
optical low-pass filter mentioned above, the characteristic 
in the horizontal direction' is characterized in that a 
frequency component, which should be originally blocked, is 
blocked and wherein ' a characteristic near the ideal 
characteristic shown in Fig. 7 (A) is obtained, the 
characteristic in the vertical direction has the following 
problem. 

A separation distance in the vertical direction of one 
incident beam of light separated as shown in Fig. 8 is based 
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on P x and is determined by a pixel-to-pixel distance in the 
horizontal direction, not by a pixel-to-pixel distance in 
the vertical direction P y . Therefore, the trap point of the 
passing characteristic of a frequency characteristic in the 
vertical direction has an ideal value of 1/2, but is a point 
of P y /P x of a vertical frequency normalized by P y /2n (and 
odd-number times as large a frequency as it) , and, 
accordingly, the trap point changes depending on the 
relationship between P x and P y . Therefore, in the 
conventional optical low-pass filter mentioned above, a 
necessary passing characteristic in the vertical direction 
can be obtained for a solid-state image pickup element in 
which P y /P x takes a value near 1/2, but a necessary 
characteristic cannot be obtained for a solid-state image 
pickup element in which P x becomes smaller than 2P y so that 
P y /P x takes a value greatly different from 1/2. Such a state 
occurs in a solid-state image pickup element in which the 
number of pixels in the horizontal direction is increased 
in order to heighten a horizontal resolution. In other words, 
since the number nV of pixels in the vertical direction is 
fixed at a value (in the NTSC standard, about 600 pixels in 
an about 500-pixel PAL system) that is determined based on 
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a television system, P y is constant, but P x changes in 
accordance with a variation in the number nH of pixels in 
the horizontal direction, and, accordingly, P y /P x becomes 
larger proportionately with a rise in nH. For example, when 
the NTSC standard is employed, and the number of pixels in 
the horizontal direction is 670, an vertical/horizontal 
ratio of a television screen is 3 : 4 (- 500:670), and therefore 
P x ~ P y . A passing characteristic in the vertical direction 
of the conventional optical low-pass filter in this case is 
a characteristic shown by a curve designated by 101 in Fig. 
10, and a characteristic difference in a low frequency area 
of a cutoff frequency band with respect to an ideal 
characteristic shown by a curve designated by 102 in the 
figure becomes large, and an alias becomes large. The reason 
why much importance is attached to the low frequency area 
of the cutoff frequency band is that, generally, there are 
properties wherein: 

(1) A frequency component of subject light becomes smaller 
proportionately as the frequency area becomes higher, and 

(2) A spatial frequency characteristic of a lens becomes 
smaller proportionately as the frequency area becomes 
higher . 
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(In this connection, when the number of pixels in the 
horizontal direction is about 400, which is a small case, 

P y /P x =3/500/4/400 - 0.6, and a characteristic in this case 
is shown by the curve 103 of Fig. 10, in which a difference 
in the low frequency area of the cutoff frequency band with 
respect to the ideal characteristic is small, and in which 
a sufficient characteristic is obtained by the conventional 
optical low-pass filter.) 

As described above, the conventional optical low-pass 
filter cannot obtain a characteristic needed for a frequency 
characteristic in the vertical direction when it is used in 
a solid-state image pickup element large in the number of 
pixels in the horizontal direction, and therefore, 
disadvantageously, a large alias occurs when fine horizontal 
stripes are photographed. 
Means for Solving Problems 

In order to solve the aforementioned problems, a first 
invention is an optical low-pass filter used for a 
solid-state image pickup element having a substantially 
equal relationship between a horizontal pixel-to-pixel 
distance P. A and a vertical pixel-to-pixel distance P y , and 
the optical low-pass filter is characterized by comprising: 
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a first biref ringent plate that separates an ordinary ray 
component and an extraordinary ray component from each other 
by distance d x substantially at an angle of 45 degrees with 
respect to a horizontal scanning direction of the solid- 
state image pickup element, a second biref ringent plate that 
separates the ordinary ray component and the extraordinary 
ray component from each other substantially in parallel with 
the horizontal scanning direction by distance d 2 , and a third 
birefringent plate that separates the ordinary ray component 
and the extraordinary ray component from each other 
substantially at an angle of -45 degrees with respect to the 
horizontal scanning direction by distance d lf wherein the 
first, second , and third birefringent plates are arranged 
in layers so that the second birefringent plate is situated 
between the remaining birefringent plates, and a 
relationship among the separation distances d x and d 2 between 
the ordinary and extraordinary ray components and the 
horizontal pixel-to-pixel distance P x of the solid-state 
image pickup element is established as follows: 

d 2 > P x , however, d 2 s P x , and, 2 • (\/2 • d 2 ) / 3 < d 1 < V2 • d 2 . 
Further, a second invention is an optical low-pass 
filter used for a solid-state image pickup element having 
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a substantially equal relationship between a horizontal 
pixel-to-pixel distance P x and a vertical pixel-to-pixel 
distance P y , and the optical low-pass filter is characterized 
by comprising: a first birefringent plate that separates an 
ordinary ray component and an extraordinary ray component 
from each other by distance d x substantially at an angle of 
45 degrees with respect to a horizontal scanning direction 
of the solid-state image pickup element, a second 
birefringent plate that separates the ordinary ray component 
and the extraordinary ray component from each other 
substantially in parallel with the horizontal scanning 
direction by distance d 2 , and a third birefringent plate that 
separates the ordinary ray component and the extraordinary 
ray component from each other substantially at an angle of 
-45 degrees with respect to the horizontal scanning direction 
by distance d lf wherein the first, second, and third 
bire.fringent plates are arranged in layers so that the second 
birefringent plate is situated between the remaining 
birefringent plates, and a relationship among the separation 
distances d x and d 2 between the ordinary and extraordinary 
ray components and the horizontal pixel-to-pixel distance 
P x of the solid-state image pickup element is established 
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as follows: 

d 2 > P x , however, d 2 ~ P x , and, d 1 = 2 • (*J2 • d 2 ) / 3 . 

Actions 

The present invention is an optical low-pass filter 
constructed as above, and, even when a relationship between 
a horizontal pixel-to-pixel distance P x and a vertical 
pixel-to-pixel distance P y of a solid-state image pickup 
element has a great difference in which P y /P K is 1/2, the 
frequency characteristic not only in the horizontal 
direction but also in the vertical direction achieves a value 
near an ideal characteristic, thereby achieving a solid- 
state image pickup camera in which the occurrence of an alias 
is small. 
Embodiment 

An embodiment of the present invention will be 
hereinafter described with reference to the drawings. Fig. 
1 is to be used to explain optical properties of a first 
birefringent plate 11, a second birefringent plate 12, and 
a third birefringent plate 13 in this embodiment. In this 
figure, incident light through a lens is supplied to the 
birefringent plates 11, 12, and 13 in a direction 
perpendicular to the plane of a drawing sheet. The 




birefringent plate 11 separates the incident light into an 
ordinary ray and an extraordinary ray, and its main surface 
14 extending perpendicularly from the plane of the drawing 
sheet where the ordinary ray and the extraordinary ray exist 
makes an angle of substantially 45 degrees with respect to 
a horizontal scanning direction H. The birefringent plate 

12 has its main surface 15, where the ordinary ray and the 
extraordinary ray exist, substantially coinciding with the 
horizontal scanning direction. The birefringent plate 13 
has its main surface 16 making an angle of substantially -45 
degrees with respect to the horizontal scanning direction 
H. These three birefringent plates 11, 12, and 13 are 
superposed on each other so that the second birefringent 
plate 12 is situated between the remaining birefringent 
plates, and these are arranged in an incidence optical path 
so that the first or third birefringent plate comes closest 
to a solid-state image pickup element. The following 
description is given on the assumption that the third 
birefringent plate is disposed closest to the solid-state 
image pickup element. Additionally, the angle between the 
main surfaces of the three birefringent plates 11, 12, and 

13 is relative, and a method for measuring the angle may be 
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performed either clockwise or counterclockwise. 

Next, a description will be given of a general solution 
of a separation distance by which the incident light is 
separated by the three birefringent plates in this 
embodiment . 

If a separation distance between the ordinary ray and 
the extraordinary ray by the first and third birefringent 
plates is represented as d lf and a separation distance between 
the ordinary ray and the extraordinary ray by the second 
birefringent plate is represented as d 2 , and the following 
condition is established 

^ < d x < V2d 2 , 

a result obtained by allowing the incident light to be 
separated by the aforementioned combination of these three 
birefringent plates will be as shown in Fig. 2. In detail, 
one incident beam of light admitted to the origin of Fig. 
2 is separated by distance d x in the direction of 45 degrees 
with respect to the horizontal scanning direction by the 
first birefringent plate 11 (shown by a solid-line arrow in 
Fig. 2) and is changed into two rays, each having the same 
intensity. Thereafter, these rays are separated by distance 



16 




d 2 in parallel with the respective horizontal scanning 
directions by the second birefringent plate 12 (shown by a 
broken-line arrow in Fig. 2) and is changed into four rays, 
each having the same intensity. Thereafter, these four rays 
are separated by distance d x in the direction of -45 degrees 
with respect to the respective horizontal scanning 
directions by the third birefringent plate 13 (shown by an 
alternate long and short dashed line arrow in Fig. 2) and 
are finally separated into eight rays 21 to 28, each having 
the same intensity, as shown in Fig. 2. 

The thus formed embodiment can be regarded as a 
combination of an optical low-pass filter that separates the 
ordinary ray and the extraordinary ray from each other by 
a distance of d 2 in the horizontal direction H as shown in 
Fig. 3 (A) and an optical low-pass filter that separates one 
ray into four rays occupying the vertex positions of a rhombus 
having a length of 

d x / 4l 

as shown in Fig. 3 (B) . The optical low-pass filter shown 
in Fig. 3 (A) has a frequency characteristic of a cos curve 
that has a trap point at a point, which is odd-number times 
as large as 
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2 d 2 

of a horizontal frequency normalized by P x /2n. The optical 
low-pass filter shown in Fig. 3 (B) has, in the horizontal 
direction, a frequency characteristic of a cos 2 curve that 
has a trap point at a point, which is odd-number times as 
large as 

\- 

and has, in the vertical direction, a frequency 
characteristic of a cos 2 curve that has a trap point at a 
point, which is odd-number times as large as 



1 P< 



(= 



2 d x /Jl X ^ 

Therefore, the frequency characteristic in the horizontal 
direction of the optical low-pass filter of the 
aforementioned embodiment has a characteristic of 

f y n 2 f v u 

cos • — — • — x cos — — • — 

and has a characteristic of 

2 f y n 
cos' — — • — 

2 
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in the vertical direction. 

Next, a description will be given of characteristics 
in a case in which values of d x and d 2 are determined in this 
embodiment so that desirable horizontal and vertical 
frequency characteristics can be obtained when P A and P y are 
substantially equal to each other as has been cited in the 
prior art problem. 

If 



(therefore, 



2V2 

d x = -y- • d z = 0. 94 3d 2 



, which greatly differs from the conventional one 

d 1 = d 2 / V2 = 0.707d 2 ) 
the following equations will be obtained 



1.5 , 1.5 



f = 1/ f - ii£ f - 



2 2 

, in which a horizontal frequency characteristic is a 
characteristic of the curve 41 obtained by a combination of 
a curve of 
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f n 
cos — — • — 

5«1 2 

shown in the curve 42 of Fig. 4 (A) and a curve of 

2 5c 17 
cos — — • — 

f 2 

shown in the curve 43. Accordingly, a cutoff characteristic 
near the ideal characteristic (re-showing the curve of Fig. 
7 (A)) shown in the curve 40 is obtained like the 
characteristic (re-showing the curve 93 of Fig. 9 (A)) of 
the conventional example 

(d 2 = p xf d x = d 2 /4i ) 

shown in the curve 44. 

Additionally, a frequency characteristic in the 
vertical direction becomes identical to the characteristic 
shown in the curve 51 of Fig. 4 (B) , which is a characteristic 
near the ideal characteristic shown in the curve 50 of this 
figure, in comparison with the conventional characteristic 
(re-showing the curve 101 of Fig. 10) shown in the curve 52 
of the figure. 

A general solution of the aforementioned examples will 
be considered. Unlike the conventional examples in which 
a fixation is made to 
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d, = d 2 1 V2 = p x I V2 



and, accordingly, to 



= 2 • £, 



dj is determined giving consideration also to the value of 
P y so as to obtain a value of f xool <f xoo2 <2 • f xool in the present 
invention. Therefore, the relation 



can be established, and the frequency characteristic in the 
vertical direction can be changed to a value near the ideal 
characteristic, thus making it possible to obtain a 
characteristic having excellent frequency characteristics 
both in the horizontal direction and in the vertical 
direction . 

As the general solution, a desired range of the value 
of d 2 is as follows. That is, if f. xo02 is set to be a value 
smaller than f x «>i/ a characteristic in an originally-to- 
be-passed frequency area of a frequency characteristic in 
the horizontal direction will be deteriorated (passing power 
becomes too small) , and therefore it is practical to set the 
value to be a value of l/2=f xool <f xco2 . 
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By rewriting this condition to the relationship among 
d lf d 2 , and P x , 

d 2 < V2 d 2 * V2 P x 
is obtained. As has been described in "prior art" of this 
specification, a problem will occur if f x co 2 =2 • f xcol as in the 
conventional examples, and there is a need to establish the 
relation f xoo2 <2 * f ZO oi/ and therefore a desired relationship 
among d lf d 2 , and P x including this condition is expressed 
as 

d 2 /4l < d 2 < V2 d 2 - V2 P x . 

In the description provided above, although an example, 
in which d 2 - P K and, accordingly, f KOQ1 =l/2, has been taken, 
a horizontal direction passing characteristic is 
excessively deteriorated (passing power becomes small) if 
f xoo2 approaches f xool at this time. Therefore, in order to 
prevent this, the value of f x0O1 is made slightly greater than 
1/2 (therefore, d 2 .is made slightly smaller than P x ) , thereby 
making it possible to achieve the cutoff characteristic 
without being excessively deteriorated. 
Effect of the Invention 

As described above, according to the present invention, 
an optical low-pass filter having excellent characteristics 
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both in the horizontal direction and in the vertical 
direction can be obtained, and a characteristic especially 
in the vertical direction can be improved in comparison with 
the prior art characteristic, and it is possible to improve 
the image quality of a solid-state image pickup camera, 
especially the image quality of a camera using a solid-state 
image pickup element in which the number of pixels in the 
horizontal direction is relatively large. 
[BRIEF DESCRIPTION OF THE DRAWINGS] 

Fig. 1 is a schematic diagram used to explain optical 
properties of each birefringent plate used in an embodiment 
of the present invention, Fig. 2 is an explanatory drawing 
that shows a situation in which incident light is separated 
by the present invention, Fig. 3 is an explanatory drawing 
of optical properties of this embodiment, Fig. 4 is an optical 
frequency characteristic diagram of this embodiment, Fig. 
5 is an enlarged plan view of an example of an opening pattern 
of a CCD solid-state image pickup element to which the present 
invention is applied, Fig. 6 is a spatial frequency spectrum 
diagram obtained by this CCD solid-state image pickup element, 
Fig. 7 is a characteristic diagram that shows an ideal 
characteristic of an optical low-pass filter needed for this 
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CCD solid-state image pickup element, Fig. 8 is an 
explanatory drawing that shows a situation of light 
separation by a conventional optical low-pass filter, and 
Fig. 9 and Fig. 10 are frequency characteristic diagrams of 
this conventional optical low-pass filter. 
11 ... First birefringent plate, 12 . . . Second birefringent 
plate, 13 ... Third birefringent plate. 
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11 First birefringent plate 

12 Second birefringent plate 

13 Third birefringent plate 

14 Main surface 

15 Main surface 

16 Main surface 
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